The cell-to-cell movement of the GUS-tagged potato virus X (PVX) coat protein (CP) movement-deficient mutant was restored by potyviral CPs of potato virus A (PVA) and potato virus Y (PVY) in Nicotiana benthamiana leaves in transient cobombardment experiments. Viral cell-to-cell movement of PVX CP mutant was complemented in Nicotiana tabacum cv. SR1 transgenic plants expressing PVY CP: PVX RNA and polymerase were detected in the PVX CP mutant-inoculated leaves of transgenic plants. These findings demonstrated the ability of the PVX CP-deficient mutant to move from cell to cell but not long distances in the transgenic plants and suggest that CPs of potex-and potyviruses display complementary activities in the movement process. Potyviral CP alone is not able to carry out these activities, since the mutated PVX CP is indispensable for restored movement. No trans-encapsidation between potyviral CP and PVX RNA was observed. Therefore, potyviral CP facilitates the PVX CP mutant movement by the mechanism that cannot be explained by coat protein substitution. Our data also suggest that CP functioning in cell-to-cell movement is not restricted to a simple passive role in forming virions.
INTRODUCTION
Plant viruses belonging to various genera have evolved different genetic systems for facilitating cell-tocell movement. Among the proteins involved in this process are, on the one hand, highly specialized movement proteins (MPs) that are not involved in other steps of the virus life cycle and, on the other hand, virus multifunctional proteins such as coat proteins (CPs) and replicative proteins. The number of virus-specific proteins known to directly influence the translocation of viral genomes through plasmodesmata (PD) varies from 1 to 4 in different viruses (reviewed by Carrington et al., 1996; Mezitt and Lucas, 1996; Ghoshroy et al., 1997; Lazarowitz and Beachy, 1999; Revers et al., 1999) . However, despite the obvious differences between plant viruses in genome organization and particularly in the sequences and arrangements of MP genes, the cell-to-cell movement mechanisms in plants, including those involved in trafficking of plant-specific proteins and RNAs, are believed to share several principle functional steps, such as forming the movementrelated protein-nucleic acid complexes, targeting the protein-nucleic acid complexes to PD, increasing the PD size exclusion limit (or forming the penetrating tubules), and trafficking nucleic acids through PD (reviewed by Mezitt and Lucas, 1996; McLean et al., 1997; Kragler et al., 1998; Lazarowitz and Beachy, 1999; Citovsky, 1999) .
Representatives of the genera Potyvirus and Potexvirus contain monopartite, single-stranded RNA genomes evidently different in their genome organization and modes of gene expression (for references, see Revers et al., 1999) . However, the genera share some similarities in their multicomponent transport systems. The transport system of potexviruses includes the triple gene block consisting of the 25-kDa ATPase and two MPs of 12 and 8 kDa (TGB) and the CP, and the transport system of potyviruses includes the helper component-proteinase (HC-Pro), the cylindrical inclusion protein (CI), the genome-linked VPg, and the CP (see Lazarowitz and Beachy, 1999; Revers et al., 1999) . Potex-and potyviruses code for ATPase/helicases involved in virus cell-to-cell movement: the CI protein in potyviruses and the TGBp1 protein in potexviruses (Beck et al., 1991; Angell et al., 1996; Kalinina et al., 1996; Lough et al., 1998; . These viruses require the CP for cell-to-cell movement. Moreover, potex-and potyvirus CPs have a substantial amino acid sequence similarity (Morozov et al., 1987; Dolja et al., 1991 Dolja et al., , 1994 Chapman et al., 1992a; Forster et al., 1992; Rojas et al., 1997; Lopez-Moya and Pirone, 1998; Santa Cruz et al., 1998) .
Complementation analysis in plant viruses has proved to be an efficient method for revealing functional interchangeability between different types of transport systems and compatibility of heterologous proteins in multicomponent transport systems (reviewed by ; for recent references, see also Solovyev et al., 1997; Morozov et al., 1997; De Jong et al., 1997; Ryabov et al., 1998 Ryabov et al., , 1999 Spitsin et al., 1999) . In the TGB-containing viruses, various methods of complementation showed incomplete compatibility between heterologous TGB genes, suggesting functional and, probably, physical interactions between TGBp1 and two smaller TGB proteins (Lauber et al., 1998; Solovyev et al., 1999; Erhardt et al., 1999) , whereas the potexvirus CP can be interchanged for genome encapsidation (Sit et al., 1994) . In the potyviruses a significant level of compatibility between the components of transport system (HCPro and CP) was found in heterologous encapsidation of different potyviral genomes and in aphid transmission (Hammond and Dienelt, 1997; Desbiez et al., 1997; Jacquet et al., 1998; Flasinski and Cassidy, 1998; Wittner et al., 1998; Carrington et al., 1998) .
In this study we demonstrate that the deficiency in cell-to-cell movement of the CP mutant of potato virus X (PVX) can be complemented in transgenic plants and cobombardment experiments by the CPs of potyviruses and potato viruses A (PVA) and Y (PVY). Our data suggest that coat proteins of potex-and potyviruses display complementary activities in the movement process that are not related to the formation of virus particles.
RESULTS
Cell-to-cell movement of the CP-deficient PVX is rescued by the PVA genome It has been shown previously that the potexvirus CP mutants with a deleted C-terminal region were incapable of cell-to-cell movement (Chapman et al., 1992a; Forster et al., 1992) . To test the ability of the potyviral transport system components to complement cell-to-cell movement of the CP-deficient PVX genome, two 35S promoterdriven full-length viral cDNA clones were used, the PVX GUS-tagged genome with the mutated CP gene (pPVX. GUS-Xho) and the wt PVA genome (pPVA). To construct pPVX.GUS-Xho, a frameshift mutation was introduced into the 35S promoter-fused GUS-tagged PVX cDNA copy near the 3Ј end of the CP gene, and the resulting truncated open reading frame included 219 codons of the authentic CP gene, followed by 10 codons from another reading frame. This mutant is analogous to the pTXdel11S mutant described previously (Chapman et al., 1992a) . To obtain the pPVA clone, the full-length PVA cDNA from the infectious T7 promoter clone pPVAcDNAI (Puurand et al., 1996) was cloned under control of the 35S promoter.
Particle bombardment was used as an efficient method to study transient complementation of viral cellto-cell movement of the CP-deficient PVX genome . In control experiments, histochemical detection of GUS activity in the Nicotiana benthamiana leaves subjected to bombardment with DNA-coated metal particles revealed that at 3 days postinfection (dpi) PVX-GUS.Xho was confined either to individual cells or to small groups of cells (Fig. 1A , Table 1 ). Therefore, PVX-GUS.Xho was deficient in cell-to-cell movement, which is in agreement with the previously published data (Chapman et al., 1992a) . To verify that the cell-to-cell movement of the PVX-GUS.Xho could be transiently complemented by the homologous PVX CP, the pPVX-GUS.Xho plasmid was cobombarded with the pRT-PVX.CP clone that carried the CP gene under control of the 35S promoter. GUS staining of the N. benthamiana leaves carried out 3 dpi demonstrated that infection foci were fivefold larger than those in experiments with PVX-GUS.Xho and became clearly visible to the naked eye (Fig. 1B, Table 1 ), showing that the cell-to-cell transport of this mutant PVX genome was restored in the initially infected cells in the presence of wt PVX CP. Similar rescue of virus movement has been previously observed in cobombardment of the clone pPVX.GUS-Bsp, that is, the movement-deficient GUS-tagged PVX genome with the frameshift mutation in the gene of the TGB-encoded 25-kDa NTPase/helicase, with the homologous 25-kDa protein .
Cobombardment of the pPVX.GUS-Xho with pPVA followed by histochemical GUS staining at 3 dpi revealed infection foci that were fivefold larger than those in experiments with pPVX.GUS-Xho (Fig. 1C , Table 1 ) and comparable in size to the foci produced by pPVX.GUSXho in the presence of pRT-PVX.CP (Fig. 1B) . Thus, the PVA genome complemented cell-to-cell movement of the CP-deficient PVX genome.
Movement of the CP-deficient PVX is complemented by the PVA CP or PVY CP and not by other PVA proteins
Complementation of the CP-deficient PVX movement by PVA could be explained either by replacing the disabled PVX transport system with that of the potyvirus, in which case the PVX RNA was translocated solely by the PVA machinery, or by performing the PVX CP movement function(s) with a single PVA product that was functioning together with the potexvirus TGB proteins and substituting the missing native PVX CP. To distinguish between these two possibilities, an attempt was made to complement movement of the CP-deficient PVX by separate PVA genes. A series of clones was constructed carrying portions of the PVA genome under control of the 35S promoter, pRT-PVA.CP, pRT-PVA.P1, pRT-PVA.HC-Pro, pRT-PVA.6K1-CI-6K2, and pRT-PVA.6K2-NIa, and used in cobombardment experiments with pPVX.GUS-Xho.
Following cobombardment of the pPVX.GUS-Xho with any of the plasmids pRT-PVA.P1, pRT-PVA.HC-Pro, pRT-PVA.6K1-CI-6K2, or pRT-PVA.6K2-NIa, the size of infection foci monitored at 3 dpi by GUS staining was similar to that produced by PVX.GUS-Xho (Table 1 ). In contrast, cobombardment of the pPVX.GUS-Xho with pRT-PVA.CP resulted at 3 dpi in infection foci similar to those produced in cobombardment of pPVX.GUS-Xho with pPVA ( Fig. 1D , Table 1 ). Therefore, the PVA CP and not other PVA products complemented movement of the CP-deficient PVX genome, suggesting that the PVA CP could functionally replace the PVX CP in its cell-to-cell movement functions.
To test the possibility that the CPs of other potyviruses could complement cell-to-cell movement of the CP-deficient PVX similarly to the PVA CP, a plasmid pRT-PVY.CP was constructed with the CP gene of the type potyvirus, PVY, cloned under control of the 35S promoter, and used for cobombardment of N. benthamiana leaves together with pPVX.GUS-Xho. Histochemical detection of the GUS activity 3 dpi revealed that the infection foci were similar in size to those produced upon cobombardment of pPVX. GUS-Xho with pRT-PVA.CP 3 dpi (Table 1) .
To estimate whether translocation of the heterologous PVX RNA by the potyvirus transport system could contribute to the complementation of the movement-deficient PVX genome by PVA, we compared the ability of the pPVA and plasmids expressing the separated portions of the PVA genome to complement cell-to-cell movement of PVX.GUS-Bsp (TGB1 mutant). It was found that cobombardment of pPVX.GUS-Bsp with none of the plasmids pRT-PVA.CP, pRT-PVA.P1, pRT-PVA.HC-Pro, pRT-PVA.6K1-CI-6K2, or pRT-PVA.6K2-NIa resulted in complementation of virus movement, whereas a limited movement was observed in cobombardment of pPVX.GUS-Bsp with pPVA (Table 1 ). These data confirmed that the cell-to-cell movement complementation of the movement-deficient PVX by PVA could be attributed predominantly to the individual role of PVA CP rather than to translocation of Table 1 . the mutant PVX RNA by the complete potyvirus transport system.
Truncated CP of movement-deficient PVX is indispensable for movement rescued by the complementary activity of potyviral CP
Since potyviral CP can gate plasmodesmata and can bind nonspecifically heterologous RNA (Rojas et al., 1997; Merits et al., 1998) , the question whether the PVA CP can nonspecifically traffic heterologous RNA from cell to cell was addressed. For this study the entire CP of PVX was deleted from the GFP-tagged PVX genome and a cobombardment study was carried out. The leaves of N. benthamiana were bombarded with tungsten particles carrying the pPVX.GFP or pPVX.GFP.⌬CP plasmids. It was found that at 2 dpi, as expected, the PVX.GFP.⌬CP was limited to single cells, whereas the PVX.GFP was able to spread from the primary infected cell to the neighboring cells and the infected area detected by GFP fluorescence was approximately 30-60 cells (data not shown). The complementation experiments with cobombarded pPVX.GFP.⌬CP and pPVX.GUS-Bsp plasmids revealed the very effective comovement of two defective PVX genomes (the area of virus spread detected by GFP fluorescence included 30-50 cells), whereas the level of movement complementation with the cobombarded pPVX.GFP.⌬CP and pRT.PVX-CP plasmids was lower and GFP fluorescence could be detected in groups of 8-10 cells (data not shown). To study the movement of the GFP-tagged PVX genome with replacement of the PVX CP gene for that of PVA, the leaves of N. benthamiana were bombarded with the pPVX.GFP.PVA-CP. It was found that when the PVX CP was deleted completely as in pPVX.GFP.PVA-CP, the potyviral CP was unable to complement the cell-to-cell movement of the CP-deficient PVX genome, and the replication of PVX detected 2 dpi by GFP fluorescence was limited to single cells (data not shown). The GFP fluorescence of movement complementation with the cobombarded pPVX.GFP.PVA-CP and pRT.PVX-CP plasmids in control experiments was detected as groups of 8-10 cells (data not shown) as observed with the pair of pPVX.GFP.⌬CP and pRT.PVX-CP.
Movement of the CP-deficient PVX mutant in transgenic plants expressing the PVY CP
To study further the movement of the PVX CP mutant, a set of transgenic plants with the PVY CP gene in either sense or antisense orientation was constructed ( Fig. 2A) . The expression level of the PVY CP mRNA in transformants was quantified using the ribosomal 28S RNA as an internal standard. Three lines of transgenic tobacco were selected: line 101B, expressing the highest steadystate level of PVY CP mRNA, and lines 101A and 101C, expressing moderate and low levels of PVY CP mRNA, respectively. The plants of line 102 01, containing the antisense constructs, expressed detectable but very low levels of RNA (data not shown). Seeds were collected from lines 101A, 101B, 101C, and 102 01 and the F1 plants from these lines were used for inoculations with pPVX. GUS-Xho. 101 lines produced detectable amounts of the PVY CP as studied in Western blot analysis ( Fig. 2B and  2C ).
Transgenic 101 B and 102 01 plants were bombarded with the pPVX.GUS and pPVX.GUS-Xho constructs. GUS staining of the transgenic Nicotiana tabacum leaves at 3 dpi revealed that in the PVX.GUS bombarded leaves the size of the infection foci varied between 124 and 1100 m, whereas in the PVX.GUS-Xho bombarded leaves it varied between 156 and 340 m. However, the total number of blue foci was much lower than on the N. benthamiana leaves (data not shown). In 102 plants expressing the PVY CP mRNA in antisense orientation the movement of PVX.GUS-Xho was restricted and GUS expression was detected in foci that were 50 m in size, whereas PVX.GUS was moving in the antisense 102 plants as extensively as in the PVY CP expressing 101 plants (data not shown). It was concluded that PVX movement was restored also in transgenic plants expressing potyviral CP. Nevertheless, the movement of the PVX.GUS-Xho was slower than that of wild-type (wt) PVX. GUS.
To determine whether the long-distance movement of PVX can be rescued by potyviral CP, the inoculated and systemic leaves of transgenic 101 and 102 plants were analyzed by Western blotting at 12-16 dpi. Western blotting with the anti-PVX replicase antibody revealed accumulation of the protein corresponding to the mobility of the PVX 165-kDa protein expressed in insect cells in inoculated, but not in upper noninoculated, leaves of the transgenic plants of lines 101A, 101B, and 101C (Figs. 3A and 3B). No PVX replicase was detected in mock-inoculated transgenic plants or in transgenic plants expressing the PVY CP gene in antisense orientation inoculated with pPVX.GUS-Xho (Fig. 3B) . Similar results were obtained by Western blot analysis with monoclonal antibodies against the CP of PVX (Sõber et al., 1988 ; kindly provided by Dr. Lilian Järvekülg; data not shown). These data confirmed that PVX.GUS-Xho was capable of cellto-cell movement in the inoculated leaves of the transgenic plants expressing the PVY CP. Systemic movement of PVX.GUS-Xho was not detected as late as 56 dpi, whereas the wt PVX.GUS was detected in systemic leaves of transgenic and control plants at 10-12 dpi using the same technique (data not shown). Thus, the PVY CP complemented cell-to-cell movement but not systemic movement of PVX.GUS-Xho. These data fully agreed with the finding that the homologous PVX CP expressed in transgenic plants rescued only local and not systemic spread of the PVX CP mutant (Spillane et al., 1997) .
The extremely sensitive dot-blot hybridization analysis of PVX RNA in infected and systemic leaves confirmed the Western blotting data (Fig. 3C) . The PVX RNA could be detected in the leaves of N. tabacum transgenic plants expressing the PVY CP inoculated with the movement-deficient PVX.GUS-Xho construct, but not in the upper noninoculated leaves of these plants. PVX RNA could also be detected in inoculated and systemic leaves of the PVY CP-expressing transgenic plants inoculated by wt PVX.GUS, but not in the control N. tabacum plants inoculated by movement-deficient PVX.GUS-Xho (Fig. 3C) . Only trace quantities of PVX RNA were detected in systemic leaves of wt PVX.GUS-inoculated transgenic plants, line 101C (Fig. 3C) . Thus, results of the experiments with the PVY CP-expressing transgenic plants confirmed the data of the transient complementation cobombardment assay. Neither heterologous virion formation nor encapsidation of PVX genome by truncated CP of PVX.GUS-Xho was detected in transgenic plants expressing PVY CP To address the question of whether the PVX.GUS-Xho RNA is encapsidated by potyviral CP or by the mutated PVX CP, immunoelectron microscopy (IEM) was used. In the pPVX.GUS-inoculated transgenic 101 and 102 plants wt PVX particles were found in inoculated leaves at 13 dpi and in systemic leaves of infected plants at 21 dpi (Fig. 4A) . In the pPVX.GUS-Xho inoculated 101 plants no PVX-like particles were detected. However, when this construct was electroporated to tobacco protoplasts, particles substantially shorter than the wt PVX particles were observed (Fig. 4B) . Potyvirus-like particles were observed in the PVY CP expressing transgenic 101 plants when the grids were coated with PVY antibody (Fig. 4C) .
We attempted to purify potyvirus-like particles from leaves of transgenic plants, inoculated with PVX.GUSXho, from systemic leaves of transgenic plants infected with wt PVX.GUS, from wt PVX-infected plants, or from noninfected control plants. However, in Western blot analysis with antibodies against the CP of PVY no protein was detected in virus-like preparations (data not shown). It is possible that virion-like structures are formed at very low levels and that they are lost during purification. Therefore, another, more sensitive method was used to verify the absence of heterologous virions. Transgenic N. tabacum 101 and 102 plants were bombarded with PVX.GUS and PVX.GUSXho. Immunocapture-PCR (IC-PCR) was carried out for the bombarded leaves at 3 dpi. The result was that PVX particles containing the PVX.GUS RNA were detected in the 101 and 102 plants (Fig. 5A) . Neither the PVY CP nor the mutated PVX CP was able to encapsidate the PVX.GUS or PVX.GUS-Xho RNA in the bombarded 101 or 102 plants (Fig. 5A) . Similar results were obtained when the pPVX.GUS-and pPVX.GUS-Xhoinoculated leaves and systemic leaves of infected transgenic plants were analyzed 13 and 21 dpi, respectively (Figs. 5B and 5C ). Samples from PVY-infected potato cultivar Jemseg were used as a control to ensure that the anti-PVY antibody can be used in IC-PCR. In this control experiment a fragment of the PVY genome was successfully amplified by PCR (data not shown).
Taken together, the results obtained with these three approaches showed that the complementary activity of potyviral CP is not due to heterologous encapsidation. However, with the methods used we cannot fully discard the possibility of unstable trans-encapsidation or transencapsidation at very low levels below the detection threshold.
DISCUSSION
In this study we describe complementation of the PVX CP function(s) in virus cell-to-cell movement. The TGB and CP mutants of PVX and other potexviruses have been previously shown to be unable to move out of the primary infected cells in inoculated plants; however, movement of these mutants could be rescued by singlegene-coded MPs of other viruses. Presumably, such complementation involved complete replacement of the disabled multicomponent TGB-based transport system by heterologous proteins of single-MP transport systems (Solovyev et al., 1996 (Solovyev et al., , 1997 Morozov et al., 1997 Ryabov et al., 1998; Atabekov et al., 1999) . In this paper we analyzed complementation of the movement-deficient CP mutant of PVX by another, though unrelated, virus with multicomponent transport system, potyvirus PVA.
Cell-to-cell movement of the PVX derivative with the C-terminally truncated CP was complemented in cobombardment experiments of the PVX cDNA clone pPVX. GUS-Xho with the complete infectious copy of the PVA (Fig. 1C) . Additionally, inoculations of the pPVX.GUS-Xho onto the PVA-infected N. tabacum plants resulted in PVX infections in the inoculated leaves as was monitored by Western blotting and dot blots (Figs. 3B and 3C ). To analyze whether this complementation results from replacement of the PVX transport system by that of PVA, or from performing the PVX CP transport function with a single PVA product, transient complementation assays with separated portions of the PVA genome were carried out. In this series of experiments, it was found that the PVA CP complemented movement of the PVX CP mutant at the level similar to that of complementation by PVA and the homologous CP (Fig. 1D) , whereas other PVAencoded proteins failed to exhibit any complementation. Moreover, the CP of another potyvirus, PVY, was also able to rescue movement of the PVX CP mutant (Table 1) . Additionally, the CP-deficient PVX derivative moved and accumulated in the inoculated leaves of transgenic N. tabacum plants expressing the PVY CP (Fig. 3) . Collectively, these data strongly suggested that the only component of the potyviral transport system, namely the CP, participated in complementation of the PVX CP frameshift mutant.
To estimate further the possible impact of mutant PVX RNA translocation by the potyvirus transport system, a series of experiments with another PVX mutant was carried out. The PVX mutant derivative with the frameshift mutation in the first TGB gene coding for the 25K protein (pPVX.GUS-Bsp; Morozov et al., 1997) has been previously shown to be complemented only by the proteins that are able to replace the whole potexviral transport system and not by individual MPs of viruses with multicomponent transport systems, including homologous proteins of closely related viruses Ryabov et al., 1998; Atabekov et al., 1999) . In the transient complementation assays, none of the PVA proteins was able to rescue movement of the 25K-deficient PVX, and only very limited complementation was observed in experiments with PVA, demonstrating that the potyvirus transport system translocated the heterologous PVX RNA inefficiently. It is important to note that infection foci in bombardment complementation experiments increased in size only during the first 2 days post inoculation. A similar phenomenon was observed by Mise and Ahlquist (1995) in leaves mechanically inoculated with a bromovirus recombinant. The cause of this movement restriction observed in our experiments could also be limited coat protein transport from primarily infected cells. In potexviruses, the TGB-mediated translocation of viral RNA through plasmodesmata is believed to occur in the form of virions or CP-containing RNP (Lough et al., 1998) . However, little is known about the specificity of interactions between RNPs (or particles) and the TGB proteins. Recent evidence for cell-to-cell translocation of the MS2 phage RNA by the PVX transport system suggests the possibility of heterologous RNA transport (Lough et al., 1998) . In potyviruses, the role of potyvirus particles in cell-to-cell movement is obscure although it was shown that the assembly-defective CP mutants do not move from cell to cell (Dolja et al., 1994 (Dolja et al., , 1995 Lopez-Moya and Pirone, 1998; Rojas et al., 1998) . One of the possible mechanisms of the PVX CP mutant complementation by the potyviral CPs could be trans-encapsidation of the PVX RNA by the potyvirus CP, which would give virion-like complexes the capability of translocating in cooperation with the TGB proteins. It seemed that the PVA CP is able to bind PVX transcripts as efficiently as PVA transcripts (Merits et al., 1998) . However, we failed to detect potyvirus-like particles containing the PVX RNA in the leaves of the PVY CP-expressing transgenic plants inoculated with the pPVX.GUS-Xho. Although in the IEM experiments potyvirus-like particles were observed, according to IC-PCR these virus-like particles did not contain PVX RNA. In line with this finding, the inability of the PVX 25K mutant to be efficiently complemented by the whole genome of PVA suggested a low probability of encapsidation of the PVX RNA by the PVA CP in vivo. It should be noted that other PVA proteins that possess strong sequence-nonspecific RNA-binding activity (Merits et al., 1998) did not complement the PVX CP mutant, indicating that the ability to form RNP was insufficient for formation of complexes capable of translocation by the TGB proteins. Interestingly, the expression of PVY CP in plants does not permit long-distance transport of the PVX mutant but facilitates rather efficient infection in the inoculated leaf. The same effect was found in tobacco plants expressing the authentic PVX CP (Spillane et al., 1997) . Thus, infections of transgenic plants expressing PVY and PVX CP with PVX CP mutant are phenomenologically similar. However, in contrast to homologous combination (PVX transgenics-PVX mutant; Spillane et al., 1997) we found no PVX RNA encapsidated by the PVY CP. Therefore, potyvirus CP facilitates the PVX CP mutant movement by the mechanism that does not involve the formation of mature transencapsidated virions, suggesting that CP functioning in cell-to-cell movement is not restricted to a simple passive role in forming virions. Taking into account that the amount of heterologously encapsidated particles could be below the detection threshold or that the particles could be very unstable, we cannot completely exclude the possibility of the formation of mixed virions. The C-terminally truncated potexvirus CPs, though deficient in cell-to-cell movement, were shown to form virion-like particles (Forster et al., 1992) . Short virus-like particles formed by the mutated PVX CP were detected in protoplasts (Fig. 4B ), but they were absent from the samples collected from inoculated leaves of transgenic plants. This may indicate that the mutated PVX CP molecules cannot form stable particles. However, it was shown that the mutated PVX CP was indispensable for the movement complementation activity of PVA CP (see Results). One could speculate that the potyviral CP facilitates the PVX CP frameshift mutant movement by the supplementary mechanism that does not involve the formation of mature virions or virion-like particles but instead involves specific interactions with the host factors.
In practical terms, the complementation of the potexviral CP by the CPs of potyviruses could result in interactions between them and possibly cause enhanced movement abilities in double-infected hosts. Indeed, it is known that a synergistic effect resulting in severe disease symptoms and a several-fold increase of PVX accumulation is induced in coinfections with potyviruses (Vance et al., 1995; Pruss et al., 1997) . According to the present views this effect can, however, be explained mainly by suppression of posttranslational gene silencing (for references, see Kasschau and Carrington, 1998; Revers et al., 1999) .
Thus, taking into account that both the PVX CP frameshift mutant and the wt potyviral CP are required for the movement complementation of PVX.GUS-Xho, it is tempting to speculate that potexvirus CP functioning in cellto-cell movement is not restricted only to a single function such as forming the movement-related RNPs or virions.
MATERIALS AND METHODS

Construction of the recombinant plasmids
All recombinant DNA procedures were carried out by standard methods (Sambrook et al., 1989) . Escherichia coli strains DH5␣ and SURE were used for cloning of the recombinant constructs. pPVX.GUS plasmid was kindly provided by Dr. D. Baulcombe. pPVX.GUS-Bsp plasmid was described previously . The CP-defective PVX was generated from a cDNA clone of PVX.GUS placed under the control of the CaMV 35S promoter, as in Chapman et al. (1992b) . pPVX.GUS was linearized by restriction endonuclease XhoI, blunted by Klenow fragment, and religated. As a result of this frameshift mutation, the PVX-encoded CP protein lacked 18 C-terminal amino acid residues (pPVX.GUS-Xho). To construct the GFP-tagged PVX genome (plasmid pPVX.GFP), the complete copy of the PVX genome placed under control of the 35S promoter and carrying a duplicated copy of the coat protein subgenomic promoter from the plasmid pTXS.P3C2 (Boevik et al., 1996) was digested with NheI-XbaI and then the gene of the enhanced GFP (Heim et al., 1995) was inserted. To replace the PVX CP gene with that of PVA, the PVX CP gene was excised with NheI and SalI and then ligated with the PVA CP gene from the plasmid pGEM-T-CP (Merits et al., 1998) , so that the PVA CP coding sequence was in-frame with the first 5 amino acids of the PVX CP. The resulting plasmid was designated pPVX.GFP.PVA-CP. To obtain the PVX.GFP clone with completely deleted CP gene (pPVX.GFP.⌬CP), pPVX.GFP plasmid was digested by NheI and XhoI, made blunt-ended by Klenow enzyme, and religated.
To create recombinant baculovirus, expressing p165 of PVX, a fragment MfeI/SalI (positions 46-5683) of pS2C2 PVX icDNA (kindly provided by Dr. D. Baulcombe) was cloned into EcoRI/SalI linearized vector pFastBac1 (Gibco). Recombinant baculovirus, named PVX-Bac, expressing p165 of PVX was created using the Bac-to-Bac system (Gibco) according to the manufacturer's instructions. Expression of recombinant p165 was verified by anti-PVX replicase antibody (data not shown); virus stock was amplified and titrated using Sf9 insect cells and standard protocols.
To create clones with PVA genes under the CaMV 35S RNA promoter, fragments corresponding to the PVA genes P1, HC-Pro, and CP, cloned previously in pQE expression vector (Merits et al., 1998) , were digested by BamHI/SalI, blunted by the T4 DNA polymerase, and ligated into SmaI-linearized vector pRT101 (Töpfer et al., 1987) to give pRT-PVA.P1, pRT-PVA.HC-Pro, and pRT-PVA.CP. To create constructs expressing PVA 6K1-CI-6K2 and 6K2-NIa fusion proteins, corresponding fragments were obtained by PCR with Pfu Turbo (Stratagene), PVAspecific primers (5Ј-ATGCAAGCAAAGGCGTCTGAGCAG and 5Ј-TTACTGAAATGCCACCACTCCCTT; and 5Ј-AT-GTCTGGAACACAAGTGTCAAAC and 5Ј-TATTGGGTG-TATACTGCCTCTC, respectively), and PVA icDNA as template. Fragments were cloned into SmaI-linearized pRT101 vector (pRT-PVA.6K1-CI-6K2, pRT-PVA.6K2-NIa). The integrity and orientation of inserts were verified by restriction analysis and sequencing. An infectious cDNA clone of PVA under the 35S promoter was created by PCR-mediated fusion of the 35S promoter with the PVA 5Ј end. The PCR fragment was cloned into pGEM-T vector, sequenced, digested with SphI-SfiI and cloned into SphI-SfiI linearized clone pPVAcDNAI (Puurand et al., 1996) . Infectivity of obtained construct (pPVA) was tested on N. tabacum plants (data not shown). To clone the PVX CP gene under the control of the 35S promoter, the CP coding sequence was amplified with the specific primers 5Ј-CGAACCATGGCAGCACCAGCTAGCACA and 5Ј-GGC-CAAGCTTGGATCCTTATGGTGGTGGAGAGTGAC containing the restriction sites NcoI and BamHI (underlined), respectively. The resulting product was digested with NcoI and BamHI and ligated into similarly digested vector pRT100 (Töpfer et al., 1988) to give pRT-PVX.CP. To obtain pRT-PVY.CP, the PVY CP gene was mutated with the specific primer 5Ј-GATTGTGTCATTTCCCATGTCGAC-CACGAATTCAGTATCGCACTCGAT containing the restriction sites SalI and EcoRI (underlined) to create an AUG start codon (boldface letters) for PVY CP. The resulting fragment was cloned to pRT101 to give pRT-PVY.CP.
Particle bombardment
Particle bombardment was performed using the flying disk method with a PDS-1000 high-pressure heliumbased apparatus (Bio-Rad) as described in . N. benthamiana and N. tabacum cv. SR1 leaves were used in bombardment experiments. Replication and movement of PVX.GUS were monitored by histochemical detection of GUS expression (Jefferson, 1987) . Samples were infiltrated in the colorimetric GUS substrate modified in order to limit the diffusion of the intermediate products of the reaction (De Block and Debrouwer, 1992) . After incubation overnight at 37°C, the leaves were fixed in 70% ethanol and examined by light microscopy.
GFP fluorescence was detected using a Zeiss Axioscope 20 fluorescence microscope (excitation filter BP 450-490, chromatic beam splitter FT 510, and long-pass emission filter LP 520 or bandpass filter HQ 535/50ϫ) or a Bio-Rad MRC-1024 confocal laser scanning imaging system with excitation light of 488 nm produced by a krypton/argon laser tuned to 15 mW and UBHS and E2 filters.
Preparation of immune serum against p165 replicase of PVX
A fragment of the PVX genome, corresponding to the N-terminal fragment of the 165-kDa protein (positions 84-2221 in PVX genomic RNA according to Skryabin et al., 1988) , was created by PCR using oligonucleotides 5Ј-GGAATTCATGGCCAAAGTGCGCGAGGTT and 5Ј-GGTCGACCCAACTTGCTGCTTGTGTCTT as primers (cloning adapters EcoRI and SalI underlined) on the icDNA clone of pS2C2 as template. pS2C2 plasmid was kindly provided by Dr. D. Baulcombe. The fragment obtained was cloned into pGEM-T vector (Promega), verified by sequencing, and overcloned into the EcoRI/SalIdigested expression vector pBAT4 (Peränen et al., 1996) . Protein expression was carried out in E. coli strain BL21(DE3) (Novagen) with standard methods. Cells were lysed in two cycles on a French press (10,000 psi), and inclusion bodies, containing recombinant protein, were purified using extensive washes and sucrose density centrifugation. The quality of purified recombinant protein was verified by SDS-PAGE (not shown). Inclusion bodies were solubilized in 8 M urea, 50 mM sodium phosphate (pH 8.0), mixed 1:1 with Freund's complete adjuvant, and used for immunization of rabbits. Antiserum was collected after the fourth immunization (carried over by 14-day intervals) and its specificity was verified by Western blotting, which was performed with an Amersham ECL kit according to the manufacturer's instructions using proteins from PVX-infected and uninfected plant extracts separated by 10% SDS-PAGE (data not shown).
Virus strain, plant material, and transformation
The potato virus Y N -RUS was originally obtained from Y. Varitsev, Moscow State University, Russia (Puurand and Saarma, 1990) . The PVY CP gene was cloned in both sense and antisense orientations in EcoRI sites of a cointegrative transformation vector (plasmid pHTT295, kindly provided by Professor T. H. Teeri, Institute of Biotechnology, University of Helsinki). The cDNA of the 312-nucleotide untranslated region of the PVY genome is present in each construct used for transformations. The features of the transgene constructs are presented in Fig. 2A . All constructs were under control of the 35S CaMV transcriptional promoter and contained the neophosphotransferase II (NPTII) gene driven by the nopaline synthase (nos) gene promoter. Plasmid pHTT295 was cointegrated to the Ti plasmid pGV2260 through triparental mating and T-DNA was mobilized into leaf disks of N. tabacum cv.SR1 using Agrobacterium tumefaciens strain C58 (Horsch et al., 1985) . The initial screening for transformed plants was based on growth on kanamycin-containing media (100 mg/liter).
Northern analysis and Western analysis of transgenic plants
Total RNA was extracted from 100 mg of tobacco leaves as described by Verwoerd et al. (1989) . Denaturing RNA electrophoresis and Northern blotting were carried out according to protocols for Hybond membranes (Amersham). Northern blots were hybridized with randomly primed 32 P-labeled DNA probes (Prime-a-Gene Labeling System, Promega). PVY CP expression was analyzed in the primary transformants as described later for analysis of F1 plants. Lines 101 A, B, and C expressing the PVY CP and line 102 01 expressing the antisense RNA for PVY CP were selected for this study. The seeds of these lines were surface sterilized and germinated in vitro on MS medium. Shoots were rooted in the presence of kanamycin and moved to the greenhouse for further growing. Western blot analysis was used for verifying the CP expression in F1 transformants. Total protein was isolated from 100-mg leaf samples. The samples were ground in liquid nitrogen in microcentrifuge tubes, mixed 1:1 with twofold SDS-sample buffer, and boiled for 5 min. The extracts were then centrifuged at 13,000 rpm in a microcentrifuge for 5 min at ϩ5°C, and the supernatants were collected and fractionated by SDS-PAGE (Laemmli, 1970) on 12% gels. Proteins were electroblotted onto polyvinylidene difluoride membranes (Immobilon-P; Millipore Corp.) and the viral CP bands were visualized using either sheep polyclonal antibodies or monoclonal antibody to PVY and peroxidase-conjugated anti-sheep antibodies (Boehringer Mannheim). ECL substrate (Amersham) and TMB Stabilized Substrate (Promega) for horseradish peroxidase were used in the reactions. All subsequent Western blot analysis was carried out accordingly.
Dot blot analysis
RNA was purified from 100 mg of plant material using a Qiagen plant total RNA purification kit. Dot blotting was carried out according to Amersham's protocols for nucleic acid blotting and hybridization. The probe corresponding to the PVX RNA 3Ј-terminal part was prepared by random priming method using a Readyprime II kit (Amersham). The probe was purified with a Sephadex G-50 column (Pharmacia).
Immunocapture-PCR
Leaves were ground in enzyme-linked immunosorbent assay (ELISA) extraction buffer (Clark and Adams, 1977) . The suspension was transferred to eppendorf tubes previously coated with either monoclonal antibodies against CP of PVX (Söber et al., 1988) or alkaline phosphataseconjugated polyclonal antibodies against PVY (Boehringer Mannheim) and incubated at 4°C overnight. Fifty microliters of antibodies diluted (1:300) in ELISA sample buffer was used for coating (37°C for 4 h). Tubes were washed twice with ELISA washing buffer, once with phosphate-buffered saline, and once with distilled water. Reverse transcription was carried out using random hexamers and PCR was carried out with PVX forward primer complementary to nucleotides 1-22 of open reading frame 1 and reverse primer complementary to nucleotides 900-920 of open reading frame 1 according to standard methods.
Immunoelectron microscopy
IEM was carried out as previously described (Roberts and Harrison, 1979) . Sap was extracted from infected tobaccos and tobacco protoplasts and diluted 10-fold with 0.06 M phosphate buffer (pH 6.5) containing 0.05 M EDTA. Carbon-coated grids coated with PVX CP monoclonal antibody (Söber et al., 1988) or with polyclonal PVY antibody conjugated with alkaline phosphatase (Boehringer Mannheim) were floated on drops of the diluted sap. Virions were observed using a Jeol 100 CX electron microscope (Jeol, Ltd., Tokyo, Japan).
Virus purification
For obtaining a purified virus preparation, a method based on procedure described by Hammond and Lawson was used (1988) . Preparations from 30 g of leaf material were finally suspended in 300 l of 50 mM sodium phosphate buffer (pH 8.0).
